A multi-well chip (MWC) is described by which mouse embryonic carcinoma (EC) stem cells form a comparatively more rapid and uniform embryoid body (EB) over the conventional hanging drop (HD) method. The newly developed MWC consists of an array of extruded through-holes, each of which holds a droplet of the cell suspension. The study found that the small curvature radius of the droplet in the MWC improved the EB formation rate of a hanging drop from 70% to 98%. Furthermore, the EBs formed by the MWC were uniformly round in shape regardless of the number of suspended cells ranging from 0:5 Â 10 3 to 20 Â 10 3 . The ratio of beating colonies from the MWC was over 2-fold larger than that from HD. The experiments demonstrate that the MWC will be a valuable experimental tool for robust and reproducible EB-based differentiation of a defined number of ES cells.
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Key words: embryoid body; multi-well chip; hanging drop; differentiation Embryonic stem (ES) cells are pluripotent and can proliferate with the capacity for both self-renewal and differentiation to one or more types of specialized cells. They are considered as a promising source for the implementation of cell replacement therapies since unlimited differentiated cells are available from ES cells for the treatment of various diseases. 1) When ES cells are cultured, they differentiate and generate three embryonic germ layers when the factors maintaining the ES cells as stems cells are removed. 2) There are three methods to initiate ES cell differentiation: i) aggregation of ES cells for embryonic bodies (EBs), ii) co-culture on stromal cells, 3) and iii) monolayer culture on extracellular matrix (ECM) proteins. 4) Although co-culture and monolayer culture on ECM are simpler and more convenient than EB aggregation, the number of specific lineages to be differentiated is still limited. In contrast, the threedimensional structure of EB is analogous to embryonic development, and EB can form almost any kind of cell except a germ cell. Hence, EB formation is a general experimental protocol used for differentiating ES cells into specific cells.
5)
Various standard methods to aggregate ES cells for EB have been used such as hanging drop (HD) culture, 6, 7) liquid suspension culture (LSC), 6, 8, 9) and attached culture (AC). 6, 7) While LSC and AC are convenient ways to form EB, it is difficult to form uniform EB since the number of aggregated ES cells in a single EB is arbitrary. Hence, when the defined number of cells is critical in an experiment, HD is preferable to the other methods because the number of cells in a pendant drop is controllable by the concentration of the cell suspension. In a real experiment, however, this method is cumbersome, and the single EB formation efficiency is only around 70% due to the cell spreading in the hanging drop that generates satellite small clusters over the inner surfaces. 10) Furthermore, the size of EB in a hanging drop is not always uniform due to the satellite aggregation of ES cells and the irregular oval shapes. It is hence necessary to devise a new and moreefficient method for EB formation to make EBs of regular and uniform size.
A few papers have reported on improvements made to the conventional HD method. A conical tube has been used to form EB with a defined number of ES cells. 10) A conical tube has been applied to mouse ES cells, and an enhanced beating ratio of the EB was demonstrated. However, this method is not suitable for making tens of EBs simultaneously. Another method for EB formation of human ES cells was been suggested based on ceny To whom correspondence should be addressed. Fax: +82-2-958-6910; E-mail: jykang@kist.re.kr trifugal precipitation. 11) Human ES cells were aggregated in a 96-well plate with a centrifuge to form EBs, and they showed robust and reproducible hematopoietic differentiation. However, the effect of centrifugal force on this differentiation is not yet clear. Hence, more convenient tools for the uniform formation of EBs are required for more efficient experimentation on stem cell differentiation.
This paper proposes a new device for the formation of EBs that uses a multi-well chip (MWC) to form an array of tiny droplets by using the surface tension within small hollow cylinders. The 96-well MWC is comparable with HD in respect of the number of hanging drops as well as in the experimental methods. The chip consists of 96 holes generating as many EBs as HD can make in a Petri dish. As only gravitational force induces the aggregation, the experimental result is almost same that by in HD. Furthermore, the size of a droplet in the MWC depends only on the diameter of the hole, and the volume of the medium is not limited by the droplet size, thus enabling long-term culture of EBs. These merits can overcome the difficulties of HD and produce more reliable experimental results. We confirmed in this work the enhanced or comparable performance for differentiation of EBs in MWC by investigating the ratio of beating colonies and reduction of the pluripotent marker.
Materials and Methods
ES cell culture, EB formation by HD and differentiation. The J1 mouse ES cell line was used in a differentiation experiment. J1 ES cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2.0 mM L-alanyl-L-glutamine, 1% penicillin and streptomycin, 0.1 mM non-essential amino acids (all from Gibco, Invitrogen Corporation, Carlsbad, CA, USA), 0.1 mM 2-mercaptoethanol (Invitrogen Corporation, Carlsbad, CA, USA), and 15% fetal bovine serum (FBS, Hyclone, Logan, Utah, USA) on gelatin-coated plates. All the cells were passaged every 1 or 2 days. They were maintained as undifferentiated on confluent feeder layers of mitomycin C-treated murine embryonic fibroblasts (MEF), and the mouse leukemia inhibitory factor (LIF, Chemicon Millipore, Billerica, MA, USA) was added to the medium at the concentration of 1000 units/ml. The cells were maintained at 37 C in a humidified atmosphere of 5% CO 2 .
The mouse ES cells were differentiated as described in a previous paper. 12) Briefly, ES cells were harvested with 0.25% trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA), and the dissociated cells were suspended in the medium without LIF. A 10-ml amount of the ES cells at 5,000 cells/droplet were dripped on to the cover of a Petridish to make a droplet of 5 mm in diameter. EBs were allowed to take shape for 2 days in HD, before being by suspension-cultured in bacteriological dishes for 3 days. The EBs were then plated on cell culture plates (Falcon, BD Bioscience, Franklin Lakes, NJ, USA) for the next 20 days. At all stages of differentiation, the EBs were monitored under a fluorescence microscope (Carl Zeiss, Oberkochen, Germany), using a fluorescent filter set (Carl Zeiss, Oberkochen, Germany) and Â10 or Â20 objective lens. During the initial test period for the MWC, P19 mouse embryonic carcinoma (EC) cells, derived from the C3H/He mouse strain, 13) were injected to examine the formation of EBs. EC cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin and streptomycin. The P19 EC cells were passaged at 2-or 3-day intervals. 14) Fabrication and experimental protocol for the MWC. The MWC was fabricated by precision machining of a biocompatible polycarbonate polymer (Fig. 1A) . The chip comprised an array of 2-mm-deep through-holes (1.6 mm ID) into which the cell suspension was injected. Each hole was connected by a 2-mm-deep supplementary well (4 mm ID) to supply the supplementary culture medium. This well was designed to hold enough nutrients to feed the cells and replenish the evaporated medium. When the through-hole was filled with the medium, a stable droplet was hung over the edge of the extruded hollow cylinder, the surface tension being sufficient to hold the droplet firmly, providing resistance to gravitational force or external disturbance (Fig. 1B) . The suspension medium containing P19 EC cells or J1 ES cells at 5,000 cells/droplet was injected into the arrayed through-holes with a pipette. After each hole had been filled with 7 ml of the medium, the device was placed in a 60-mm bacteriological dish filled with the PBS buffer to maintain humidity and minimize evaporation of the droplet. EBs were formed in the droplet of the MWC for 2 days, and then the device was placed in the dish. After filling up with the medium, contact between the droplet and medium caused sedimentation of the EBs down on to the bottom of the plate. After removing the chip, the suspended EBs were cultured for 3 days and then transferred to culture plates. After adhesion of the cells, the EBs were cultured for more than 2 weeks to observe differentiation.
Immunocytochemistry. To examine the differentiated cells, the EBs were attached to a culture dish and cultured for another 15 days before immunostaining. The samples were washed several times in phosphate buffered saline (PBS) and further treated with 0.1% BSA in PBS. The sections and cells were incubated in a 0.56% ammonium chloride solution for 15 min to inactivate aldehyde, and further treated with 0.3% Triton X-100 and 10% goat serum for 45 min at room temperature. After blocking, they were treated with mouse or rabbit primary antibodies which had been diluted in the washing solution at 4 C overnight. Thereafter, they were treated with Alexa-Fluor goat anti-mouse IgG or rabbit IgG (Invitrogen Corporation, Carlsbad, CA, USA) at a dilution ratio of 1:400 in the washing solution for 90 min at RT. The samples were counterstained with DAPI diluted to 1:1000 in the washing solution for 10 min at room temperature. The primary antibodies were used mouse monoclonal antisarcomeric actin (Sigma-Aldrich, St. Louis, MO, USA), mouse anti-Oct-3/4 (C-10) and rabbit anti-GATA4 (H-112) (Santa Cruz Biotechnology, Snata Cruz, CA, USA), rabbit anti-Sox1 (Chemicon Millipore, Billerica, MA, USA), mouse anti-MAP2 (BD Bioscience, Franklin Lakes, NJ, USA), mouse anti-rat Nestin (BD Bioscience, Franklin Lakes, NJ, USA), and rabbit anti-neuronal class III -tubulin (TuJ1) (Covance Research Products, Cumberland, VA, USA). Photographs were taken with an Axioscope microscope (Carl Zeiss, Oberkochen, Germany), using a fluorescent filter set (Carl Zeiss, Oberkochen, Germany) and a Â10 or Â20 objective.
Rapid and uniform formation of EBs in the MWC. To evaluate the performance of the MWC as an EB formation device, we compared the formation of EBs in the chip to that by the HD method. We hypothesized that the small holes in the device would rapidly form uniform EBs as a small droplet of a uniform size was provided. The size of a droplet in the MWC depended on the diameter of the hole, not on the volume of medium, and reduced the experimental error caused by manual pipetting. The tiny radius of the droplet formed a higher stack of cells at a given number of cells than with the hanging drop which thus enhanced cell interaction.
We investigated the morphology of EBs while culturing 5 Â 10 3 P19 EC cells in both the MWC and by HD. When 7 ml of the cell suspension was injected into the through-hole of the hollow cylinder, a spherical aggregation of cells was formed in a single day, whereas the same number of cells in a 10-ml hanging drop gathered in more than ten clusters ( Fig. 2A) . On the 2 nd day, the cells in a hanging drop still formed some fragments in irregular and misshapen clumps, while EBs in the MWC took the shape of almost perfect spheres from the first day. The MWC could thus form a more circular shape. The diameter of EBs formed by both methods were between 250 mm and 300 mm.
The efficiency of EB formation by the MWC was compared with that by HD. The aggregation of cells forming a single spherical cluster was counted as a successful EB on day 2. The experiment with 5 Â 10 3 P19 EC cells was conducted three times with 50 samples for each method. The ratio of spherical EBs in the MWC was greatly enhanced compared with HD, 98 AE 3% of EBs in the MWC being formed successfully, while the proportion by HD was only 71 AE 10% (Fig. 2B) . It is believed that cell interaction in the MWC was stronger than that by HD, since no EBs from the MWC were broken when they were transferred from the droplets into a bacteriological dish for the suspension culture. Therefore, the MWC provided the means for rapid formation of regular and spherical EBs.
The effect of the initial number of cells on EB formation was studied with both the MWC and by HD. Cases with 7 initial cell numbers were tested from 0:5 Â 10 3 to 20 Â 10 3 (0.5, 1, 3, 5, 7, 10 and 20 Â 10 3 ). Figure 3 shows the morphology of EBs after 2 days of aggregation. In spite of the change of initial cell population, round-shaped and uniform EBs were successfully fromed in the MWC, the diameter of the EBs being almost proportional to the number of seeding cells. In contrast, the hanging drop method gave several cell clusters scattered around the main clump when the number of cells exceeded 3 Â 10 3 . The efficiency of EB formation in the MWC was higher than that by HD with more than 3 Â 10 3 cells. When the number of cells exceeded 20 Â 10 3 , the MWC was also troubled by the attachment of cells to the wall due to the high population in a droplet. This distorted the shape of a cell clump and it has been hard to produce round EBs. It was reported, however, that ES cells in an EB could not proliferate when the number of cells reached 30 Â 10 3 . 7) Hence, the problem of excessive cells in the MWC is not a critical limitation, since seeding more than 20 Â 10 3 cells is meaningless in a study of differentiation.
When the number of cells was very small (less than 1 Â 10 3 ), the hanging drop also formed a circular EB with no fragments. The low density of cells might have caused less cell interaction, thereby successfully making a single EB. When the cells were abundant in a hanging drop, most of the cells formed fragmented aggregates, thus failing to make a single cluster. Hence, the MWC could make spherical EBs in the larger range of initial cell population than was possible by the HD method. Differentiation of mouse ES cells by the MWC method. A 2-day-old EB was attached to the culture plating dish and cultured for further differentiation. It has been demonstrated that when ES cells were cultured in the absence of LIF, spontaneously beating cells appeared. 15) In our work, the number of beating colonies was counted by an inverted phase-contrast microscope (Olympus, Japan). The first beating colonies were observed on the 11 th day after the attachment to culture dishes. The number of days required to achieve the first beating was similar to that in previous studies of cardiomyocyte induction using HD (Fig. 4) . 16 ) When EBs were formed in the MWC, beating was noticed in more than 30% of EBs on the 11 th day, with all EBs showing beating on the 13 th day. Beating of the cells from HD began on the same day, although fewer beating colonies were found than those from MWC. The proportion of beating was only 50% on the 14 th day. The cumulative ratio of beating colonies by the MWC method was significantly higher than that by the HD A B Fig. 3 . Formation of EBs According to the Initial Number of P19 EC Cells.
EBs were formed for 2 days. The initial number of cells was 500 (a and h), 1000 (b and i), 3000 (c and j), 5000 (d and k), 7000 (e and l), 10000 (f and m) and 20000 (g and n) per droplet. A, EBs were formed by the MWC method and all took the shape of a circle independently of the initial number of cells. B, EBs were formed by the HD method. In the cases of 500 and 1000 cells/droplet, the cells aggregated into a single cluster; however, when there were more than that 3000 cells/droplet, many clumps were formed. Beating was first observed in the culture dish on the 11 th day of attachment. All cell colonies from MWC beat on the 14 th day, while only 50% of those from the hanging drop showed beating.
method. This result implies that the chip formed more efficient and more stable EBs than the conventional HD method, and furthermore, that the quality of the EBs formed by the chip was high enough to allow the differentiation of ES cells to cardiomyocytes. 17) The attached EBs were cultured for 20 days to demonstrate the differentiation of EBs to several cell lineages. The fluorescence image from immunostaining with neuronal lineage markers (nestin, MAP-2 and TuJ1) revealed that the cells had differentiated into neuron-restricted progenitors (Fig. 5A) . The germ layer markers, GATA-4 and Sox1, were also expressed as endoderm and ectoderm markers, respectively (Fig. 5B ). These results demonstrate that ES cells by the MWC method could differentiate into various lineages.
In summary, we investigated the efficiency and capability of the MWC method for differentiating ES cells based on EB formation. We found that the device could make reproducible and reliable EBs, whereas most by the HD method produced non-uniform EBs of irregular morphologies. The MWC method could form more compact EBs and demonstrated a higher ratio of beating colonies than the HD method. Through the observation of pluripotent markers and immunostaining of the germ layers, we could confirm that EBs from the MWC led the ES cells to differentiate into diverse lineages. Furthermore, MWC enabled the effect of EB size on the differentiation of ES cells to be studied by controlling the number of seeding cells, since the MWC could form reproducible EBs over a broad range of initial cell populations. Hence, the MWC method represents a convenient and reliable way to EBs as well as a valuable tool for studying the differentiation of ES cells.
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